Heat shock factor (HSF) binds to heat shock elements (HSEs) and the binding can be highly cooperative. Here we report an analysis of binding of Drosophila HSF to both native and synthetic heat shock regulatory regions. We find that cooperative binding of HSF requires close proximity, rather than helical alignment, of HSEs. Two or more trimeric HSEs organized as contiguous 5 bp units show much higher levels of cooperativity than multiple but separated HSEs. We discuss these In vitro observations in the context of the In vivo status of heat shock genes under mild and full heat shock conditions. Finally, we show that the DNA binding and trimerization domains alone may be sufficient for the full level of binding cooperatlvlty between HSF tiimers. This last result suggests that close proximity of HSEs for cooperative binding of HSF Is a result of protein-protein interactions near the point of DNA contact.
INTRODUCTION
A common feature of transcriptional regulation is the interaction of regulatory proteins with specific DNA sequences. Although most of the energy that stabilizes such nucleoprotein complexes comes from protein-DNA contacts, protein-protein contacts also contribute to couple the binding energies of individual DNA binding units. The term cooperative binding is used to describe such productive protein-protein interactions whereby binding of one protein molecule (either a monomer or a multimer) to its binding site increases the binding affinity of a second (identical or different) protein molecule (1) (2) (3) .
Here we investigate the binding properties of a eukaryotic transcription factor, the Drosophila heat shock factor (HSF), which is responsible for stress-induced activation of heat shock genes. Heat shock genes are found in all organisms and encode an evolutionarily conserved family of stress-induced proteins called the heat shock proteins (HSPs) (4) . The promoter regions of heat shock genes possess sequence elements referred to as heat shock elements (HSEs), which are the sites for binding of HSF. The HSE has been defined as an array of alternately oriented consensus 5 bp AGAAN sequences (5) (6) (7) . An HSE with three contiguous 5 bp units (HSE3) provides a minimal complete binding site for HSF, which binds as a homotrimer (8) (9) (10) . Native heat shock promoters usually possess multiple HSEs spread over several hundred base pairs. The number of HSEs associated with a particular heat shock gene can vary, as can the number and match to the consensus of the 5 bp units within each HSE. Multiple probe band shift experiments that measure relative binding affinities have revealed that in vitro Drosophila HSF binds to synthetic HSEs with striking cooperativity (11) . In vitro cooperative binding of HSF to HSEs of the Drosophila hsp70 gene has also been demonstrated by footprinting (12) and competition gel shift assays (13) . The intrinsic cooperativity in DNA binding is accompanied by a synergistic increase in transcriptional activation (14) (15) (16) (17) . In addition, the yeast, mouse and human heat shock factors have also been shown to bind cooperatively to HSEs (18) (19) (20) .
Although the heat shock genes of Drosophila have been the subject of considerable investigation, except for early experiments with the hsp70 gene (12, 13) and the hsp83 gene (21, 22) very little information exists on binding of purified HSF to the regulatory regions of the other heat shock genes. In this study we have obtained a broader perspective by examining in vitro the relative binding affinities of HSF for the complete heat shock regulatory regions of the hsp23, hsp26, hsp27, hsp70 and hsp83 genes. We further investigate spacing between 5 bp units as a critical determinant of cooperative binding. Finally, we identify a region of Drosophila HSF that appears sufficient to exhibit cooperative DNA binding.
MATERIALS AND METHODS

Determination of relative binding affinities
These experiments were performed essentially as described (11) and as originally described by Liu-Johnson et al. (23) . In this method the different sites to be compared are mixed together in a single binding reaction with a limiting amount of HSF [except where noted, baculovirus-produced HSF was used (7)]. After a time to achieve equilibrium the reaction mixture is electrophoresed on a native gel. DNA is then isolated from both bound and unbound fractions and separated according to size on a denaturing sequencing gel. The relative binding affinity of fragment n is given by K n -B^F n , where B is the concentration of labeled DNA in the bound fraction and F is the concentration of labeled DNA in the unbound fraction. Relative binding constants of different binding sites n and m were calculated using the equation tf re i ative = K,JK m = [BrJFnVlBJF^. This method is advantageous because it does not require prior determination of the concentration of active HSF and the specific activities of the labeled DNA fragments, both of which are difficult to measure accurately. Thus it provides a direct comparison of the relative affinities of different binding sites in a single reaction.
Generation of probes
Restriction fragments containing the heat shock regulatory regions were labeled at the 5'-end on one strand using Klenow polymerase and purified by electrophoresis on low-melt agarose gels as described (24) . Synthetic HSE-containing oligonucleotides were labeled at the 5'-end on one strand using T4 polynucleotide kinase and [y- 
Oligonucleotide sequences
HSE3: 5'-CGCGCGTCATAGAATATTCTAGAATATCAGGCGCC-3' 3'-GCGCGCAGTATCTTATAAGATCTTATAGTCCGCGG-5' HSE6:5'-GATCGGAGAATATTCTCGAAATTTCTAGAATTTTCTACGA-3' 3'-CTAGCCTCTTATAAGAGCrTTAAAGATCTTAAAAGATGCT-5' Spacer5'-AATATTCTGCTAGCAGAATATT-3' 3'-TTATAAGACGATCGTCTTATAA-5' 18: 5'-ATTCTAGAATATTCTAGAATATTCTAGAATATTCTAGAAT-3' 3'-TAAGATCTTATAAGATCTTATAAGATCTTATAAGATCrTA-5' 14x2: 5'-TTTCTAGAAATTTCTAGAAA-3' 3'-AAAGATCTTTAAAGATCTTT-5'
Plasmid constructions
To construct pI6.6 plasmid pI2 (8) was digested with Xbal, which cuts within the HSE, and the sticky ends were filled-in with KJenow fragment and ligated to a 'spacer' oligonucleotide using T4 DNA ligase. The ligation mixture was purified, kinased at the 5'-ends with T4 polynucleotide kinase and ligated again to generate plasmid pI6.6 containing a 6 bp insertion between two sets of three 5 bp units. To construct pI6.10 pI6.6 was digested widi Nhel, which cuts within the 6 bp insertion, and the sticky ends were filled-in with KJenow fragment and then ligated with (6) . p70Z(I4x2) was constructed by substituting the native heat shock elements in p70Z(-89) with oligonucleotide 14x2. p70Z(I8) was constructed by substituting the native heat shock elements in p70Z(-89) with oligonucleotide 18, which contains eight contiguous 5 bp units analogous to the native heat shock element in p83Z(-170).
Drosophila germline transformation and p-galactosidase assays
The hsp70-lacZ reporter genes with variant heat shock regulatory regions and the hsp83-lacZ reporter gene were introduced into the Drosophila germline by P-element-mediated transformation as described (32) . Transformant lines were analyzed by genomic Southern blotting and those with single inserts of the respective reporter gene were selected for pVgalactosidase assays as described (32) . Transgenic Drosophila lines containing the reporter genes were heat shocked at 33 and 37°C for 2-3 h. fi-Galactosidase activity is presented as relative values, with the value of each reporter gene at 37° C as 100. Each value represents the average of two to three independent transgenic fly lines assayed in duplicate.
Protein purification of GST-HSF
HSF was overproduced as a GST fusion protein in E.coli. Purification was performed essentially as described (33) except for the following modifications. Cells from a 50 ml overnight culture were induced with 1 mM IPTG for 3-5 h, pelleted and resuspended in 10 ml buffer A (20 mM Tris, pH 7.4, 0.2 mM EDTA, 1.0 mM DTT, 0.5 mM PMSF, 1.0 M NaCl) for sonication. After adsorption to glutathione-agarose beads cells were washed twice with 20 ml buffer A, twice with 20 ml buffer B (20 mM Tris, pH 7.4,0.2 mM EDTA, 0.1 mM NaCl) and the fusion protein was eluted in three 1 ml washes with buffer C (buffer B containing 5 mM glutathione).
RESULTS
The Drosophila hsp83 heat shock regulatory region binds HSF highly cooperatively
Since the number of HSEs associated with each of the heat shock genes in D.melanogaster and their match to the consensus 5 bp units can vary, as can the distance that separates them (see Fig. la ), we were interested in knowing the relative affinities of these native heat shock regulatory regions for the Drosophila HSF and the relationship of these in vitro affinities to in vivo heat shock-induced transcription of the corresponding genes. The relative affinities of these native heat shock regulatory regions for HSF were determined by multiple probe band shift experiments as described previously (11, 23) . Restriction fragments containing the entire heat shock regulatory regions were incubated widi limiting amounts of purified HSF. Protein-DNA complexes and free DNA were then separated on a native agarose gel. DNA fragments from both the complexes and the free DNA fractions were then purified and analyzed on a sequencing gel. A representative autoradiogram of the multiple probe band shift assays is shown in Figure 1 b. In these experiments different fragments containing the native heat shock regulatory regions were compared in subsets and all experiments included synthetic HSE3 as an internal standard. Each experiment was repeated at least three times and the results are compiled in Table 1 . The results show that HSF binds the hsp83 regulatory region with an average of ~4-fold higher affinity than to the hsp23, hsp26, hsp27 and hsp70 regulatory regions, although three of the latter four heat shock regulatory regions each possess a higher number of 5 bp units (see also Discussion). It is also interesting that the latter four heat shock regulatory regions exhibit very similar affinities for HSF. Fig. 2a ). The synthetic fragment, denoted HSE6.6, contains a 6 bp spacer inserted in the middle of HSE6 (Fig. 2a) . This fragment has a pair of trimeric binding sites separated by 6 nt and is identical to HSE6 except for the 6 bp spacer. We then measured the affinities of the two synthetic HSEs for HSF using the multiple probe band shift assay with an HSE3 probe as an internal control. The result shows that while HSF binds to HSE6 with a 50-fold higher affinity than to HSE3, it binds to HSE6.6 with only a 10-fold greater affinity than to HSE3 (Fig. 2b) . Since both fragments have the same number orientation and sequence composition of 5 bp units, the much reduced affinity of HSF for HSE6.6 must be due to the presence of the 6 bp spacer in HSE6.6 (see also Discussion). This result suggests that cooperative binding requires protein-protein interactions between adjacent trimers of HSF. It is conceivable that the 6 bp spacer reduces the affinity by placing HSF trimers on opposite sides of the DNA helix. To determine whether the higher affinity could be regained upon restoring the helical phasing, we constructed HSE6.10 by inserting 10 nt between the two trimeric binding sites (Fig. 2a) . However, HSE6.10 showed the same affinity for HSF as HSE6.6 (Fig. 2b) . Therefore, close juxtaposition rather than helical alignment of two trimer binding sites is critical for cooperative binding of HSF to synthetic HSEs. This is likely to be true for HSEs of the native heat shock genes, since the hsp83 regulatory region with a single array of eight contiguous 5 bp units shows a much higher affinity than the hsp23, hsp26, hsp27 and hsp70 regulatory regions, each of which has multiple but shorter arrays of 5 bp units.
High affinity HSF binding sites dictate preferential induction of heat shock genes in vivo under conditions of limiting HSF
In order to test whether close proximity of binding sites is also critical for cooperative binding of HSF in vivo, we investigated whether genes with such HSEs are preferentially induced upon a mild heat shock, a condition under which the active DNA binding form of the HSF is likely to be limiting (34) . To this end we examined an hsp70-lacZ reporter gene, p70Z(-89), containing the two proximal HSEs (Sites I and II), each with four 5 bp units, and an hsp83-lacZ gene, p83Z(-l 70), containing the single array of eight contiguous 5 bp units, for heat shock-induced expression at 33 and 37°C. As shown in Figure 3a and b, the level of induction of the hsp83-lacZ gene at 33°C is almost 40% of its full induction at 37°C, whereas the level of induction of the hsp70-lacZ gene at 33 °C is less than 10% of its full induction at 37°C. Since the hsp83-lacZ reporter is deleted of the upstream regulatory elements required for its basal level expression (31), its preferential induction at 33 °C is likely to be a result of stronger cooperative binding of HSF to the contiguous array of 5 bp units. To test directly whether the long contiguous array of 5 bp units is responsible for the preferential induction at 33°C, we constructed two synthetic heat shock regulatory regions, one containing two separate HSEs each with four 5 bp units and the other containing a single HSE with eight contiguous 5 bp units. We then replaced the native regulatory region of the hsp70-lacZ reporter with each of the two synthetic heat shock regulatory regions and tested their heat shock inducibility at 33 and 37°C ( Fig. 3c and d ). As expected, the level of induction of the hsp70-lacZ reporter with the single array of eight contiguous 5 bp units, p70Z(I8), at 33°C is much higher (31% of its full induction at 37 °C) than that of the hsp70-lacZ with two separate HSEs each of four 5 bp units, p70Z(I4x2) (only 5.3% of its full level of induction at 37°C).
The DNA binding and trimerization domains of HSF appear to be sufficient for its full level of binding cooperativity
The above results show that close proximity of HSEs is critical for high levels of binding cooperativity both in vitro and in vivo. In an attempt to identify regions of the HSF protein required for cooperative binding we constructed a truncated form of Drosophila HSF consisting of only the DNA binding and trimerization domains (Fig. 4a) . This truncated protein (amino acids 33-252) was expressed as a GST fusion and compared in the multiple probe band shift experiment with full-length HSF (amino acids 1-691), which was also expressed as a GST fusion protein. As seen in Figure 4b , the truncated protein exhibited an almost identical affinity for synthetic HSE6 as the full-length protein. This result suggests that the DNA binding and trimerization domains of HSF are sufficient for the full level of binding cooperativity and further suggests that the dependence of binding cooperativity on binding site contiguity may be a consequence of the close association of discrete domains involved in binding DNA and in mediating protein-protein interactions. Because the truncated protein expressed without GST is extremely insoluble, we could not test the potential contributions of the GST moiety to the level of cooperativity measured here.
DISCUSSION
In this work we have analyzed the in vitro binding of HSF to the promoter regions of five Drosophila heat shock genes. We find that the regulatory region of the hsp83 gene binds HSF with a much higher affinity than those of the hsp23, hsp26, hsp27 and hsp70 genes. The regulatory region of the hsp83 gene is unique among the native Drosophila heat shock genes in that it contains a single contiguous array of 5 bp units. However, the hsp23, hsp27 and hsp70 regulatory regions each possess not only a higher total number of 5 bp units (see Fig. 1 a) , but also a higher number of potential trimeric HSF binding sites. For example, the hsp83 HSE can be considered to contain six overlapping HSF trimer binding sites, while Sites I, II and III of the hsp70 gene can each be considered to contain two overlapping HSF trimer binding sites (see 11). Since the overall matches to the consensus sequence of 5 bp units in the different heat shock regulatory regions are similar, we suspect that the much higher affinity of the hsp83 regulatory region for HSF stems from tandemly arranged HSF-binding sites. Indeed, we show that even small insertions (6 and 10 bp) between two perfect trimeric HSEs can dramatically reduce the cooperativity of HSF binding. It appears that not only the proximity but the relative orientations of two trimeric sites is important for cooperative binding by HSF, as has been shown for human HSF (20) . We have further tested and confirmed the hypothesis that contiguity of 5 bp units is a prime determinant of HSF binding cooperativity in vivo. Under mild heat shock conditions the level of HSF active in binding DNA is likely to be limiting (34) , which mimics our in vitro binding conditions, where a limiting amount of HSF was used. Thus the higher level of expression of the hsp83 gene under mild heat shock conditions (35) may reflect a higher affinity of its HSE for HSF (22, 23) . However, this interpretation has been complicated in the past by the fact that the native hsp83 regulatory region contains, in addition to the HSE, sequence elements that confer a high basal level and developmental expression of the gene (31) . The use in this study of an hsp83-lacZ reporter gene deleted of the basal and developmental elements and an hsp70-lacZ reporter gene with synthetic HSEs containing eight contiguous or interrupted 5 bp units demonstrates that preferential induction at mild heat shock temperatures is a result of the higher affinity of the array of contiguous 5 bp units for HSF.
The observed trend in the affinities of native HSEs for HSF also correlates well with the kinetics of HSF localization on polytene chromosomes (36, 37) . Indirect immunofluorescence experiments using antibody against active HSF have revealed that prior to heat shock the 63BC region, which corresponds to the hsp83 locus, stains brighter than loci corresponding to the other heat shock genes. Upon heat shock the intensity of staining at the hsp83 gene locus increases and additional staining occurs at loci containing the other heat shock genes. One explanation for this observation arises from the finding that under heat shock conditions HSF undergoes a transition from inactive monomers to active trimers (10) . The active DNA binding form of HSF is therefore likely to be limiting under non-heat shock and mild heat shock conditions (34) . Since our in vitro binding assays were performed at limiting HSF concentrations, they presumably provide an accurate reflection of in vivo situations, where a limiting amount of active HSF is present, namely in uninduced cells, mildly heat shocked cells or cells in the early phases of full heat shock. However, the in vivo rates of HSF binding may also be determined by the accessibility of HSEs in chromatin (38, 39) .
The strikingly similar affinities exhibited by the other native heat shock regulatory regions, though initially surprising, correlate well with the kinetics of heat shock induction of the corresponding heat shock genes, as determined by nuclear run-on assays. In these experiments the major heat shock genes, again with the exception of the hsp83 gene, show a similar in vivo response to heat shock (35; Shopland and Lis, unpublished results).
The close association of the trimerization domain with the DNA binding domain may explain why strong cooperative binding by HSF is critically dependent on contiguity of binding sites, since this region of the protein may not be in a position to reach out and contact a corresponding domain on another HSF molecule bound farther away on the DNA. We have not further delineated the precise region responsible for cooperative protein-protein interactions, due to the fact that efficient DNA binding does not occur in the absence of trimerization and the trimerization domain alone does not bind DNA. Indeed, recent work with yeast, mouse and human HSFs has revealed a tight correlation between trimerization and DNA binding (19, 40, 41) . It has also been shown recently that the ability of mouse HSF (mHSFl) to bind DNA cooperatively is determined by a region of the protein comprising its DNA binding domain and part of the trimerization domain (19) .
The trimerization domain has hydrophobic 'leucine zipper' repeats that join monomers of HSF into a trimer by forming a triple-stranded, a-helical coiled-coil structure (9, 19) . This region might mediate cooperative interactions between trimers in a similar manner to that proposed for the leucine zipper coiled-coil motifs of homeodomain proteins that exhibit homomeric and heteromeric cooperativity (43) . The cooperativity exhibited by E.coli lac repressor and origin binding protein (OBP), a virally-encoded DNA binding protein, has also been attributed to their leucine repeats (44) (45) (46) . It is also possible that electrostatic contacts between trimers at regions close to the point of DNA interaction may be responsible for cooperativity. Short segments of charged amino acids, e.g. AGRND and KRKSTA of the glucocorticoid receptor and the phage T4 gene 32 protein respectively, have been implicated in their ability to bind DNA cooperatively (47, 48) . Further insight into the structural basis for the observed cooperativity between HSF trimers may require specific mutational analysis of residues within the DNA binding and trimerization domains, together with X-ray analysis of the minimal cooperatively binding domain of HSF co-crystallized with DNA containing different types and arrangements of HSEs.
